Gene expression patterns of CD34 ؉ CD38 ؊ cells derived from human embryonic stem cells (ESCs) were compared with those of cells isolated from adult human bone marrow (BM) using microarrays; 1692 and 1494 genes were expressed at levels at least 3-fold above background in cells from BM and ESCs, respectively. Of these, 494 showed similar levels of expression in cells from both sources, 791 genes were overexpressed in cells from BM (BM versus ESCs, at least 2-fold), and 803 genes were preferentially expressed in cells from ESCs (ESCs versus BM, at least 2-fold). The message of the flt-3 gene was markedly decreased in cells from ESCs, whereas there was substantial flt-3 expression in cells from BM. High levels of embryonic ⑀-globin expression were observed-but no adult ␤-globin message-in CD34 ؉ CD38 ؊ cells from ESCs, whereas high levels of ␤-globin expression-but no embryonic ⑀-globin message-could be detected in cells from BM. Furthermore, high levels of major histocompatibility complex (MHC) gene expression were demonstrated in cells from BM but very low levels of MHC message in corresponding cells from ESCs. These observations demonstrate that CD34 ؉ CD38 ؊ cells derived from ESCs correspond consistently to an early developmental stage at which the yolk sac and fetal liver are the primary sites of hematopoiesis.
Introduction
Embryonic stem cells (ESCs), pleuripotent cells that can differentiate to form all of the various cell types of the body, have been established from a variety of mammalian species, including nonhuman primates and man. [1] [2] [3] [4] The hematopoietic differentiation of ESCs in vitro has been investigated extensively, and hematopoietic precursors as well as differentiated progeny representing erythroid, myeloid, megakaryocytic, and lymphoid lineages have been demonstrated in differentiation cultures of ESCs from several species including rhesus monkey and man. [5] [6] [7] The hematopoietic character of these precursors is further supported by the demonstration that they express genes associated with early hematopoietic differentiation. 5 Among the distinctive characteristics of hematopoietic stem cells (HSCs) is their ability to repopulate bone marrow (BM)-ablated animals. Murine HSCs derived from ESC differentiation in vitro, however, generally lack long-term reconstitution potential when transplanted into adult recipient mice. 8, 9 The failure of ESC-derived HSCs to engraft could be explained by 2 broad hypotheses. First, ESC differentiation under culture conditions could have resulted in altered regulation of certain genes in the hematopoietic progenitor/stem cells that might have impaired their function as HSCs. Alternatively, ESC differentiation conditions could have resulted in the generation of hematopoietic precursors that retained critical properties of embryonic cells, and did not undergo complete maturation to adult HSCs, and consequently lacked the ability to engraft in adult BM. [10] [11] [12] The objective of the present study was to compare gene expression profiles between CD34 ϩ CD38 Ϫ hematopoietic cells with known BM repopulation potential-that is, cells harvested from adult BM-against CD34 ϩ CD38 Ϫ cells from human ESC differentiation cultures.
We previously compared the expression patterns of multiple genes associated with hematopoietic differentiation, HSC homing and engraftment, and cell cycle control in hematopoietic precursors derived from rhesus monkey ESCs, and in those isolated from adult rhesus monkey BM, by semiquantitative reverse transcriptase-polymerase chain reaction (RT-PCR). These studies, encompassing about 60 genes, demonstrated a remarkable degree of similarity in the expression patterns of these genes in cells from both sources, with only few exceptions. 13, 14 The approach we used, however, could only examine a limited number of genes. To expand this study, we took advantage of the availability of high-density microarrays, which we applied to characterize the expression of more than 10 000 genes in CD34 ϩ CD38 Ϫ cells from cultures of human ESCs. An initial obstacle to applying this approach was the limited number of cells that could be generated from ESC differentiation in vitro. The quantity of RNA required for high-density microarray analysis is normally in the microgram range and at the least is on the order of 100 ng with the most advanced array technology. In this study, however, we were able to utilize SMART technology (Clontech, Palo Alto, CA) successfully for amplifying minute amounts of RNA to examine gene expression patterns in CD34 ϩ CD38 Ϫ cells derived from human ESC cultures and from adult BM with high-density microarrays.
Materials and methods

Hematopoietic differentiation of human ESCs
Human ESC line H1 was obtained from the WiCell Research Institute (Madison, WI). Undifferentiated H1 cells were maintained according to the culture protocol provided by WiCell. Briefly, cells were cultured on mouse embryonic fibroblast feeder cells irradiated with 3000 cGy in complete ESC medium consisting of 20% KNOCK-OUT serum replacement (Gibco, Grand Island, NY), 80% Dulbecco modified Eagle medium (DMEM)/F12 medium (Invitrogen, Carlsbad, CA), 1 mM L-glutamine, 0.1 mM ␤-mercaptoethanol, 1% nonessential amino acids, and 4 ng/mL human fibroblast growth factor (hb-FGF). ESCs from passage no. 29 were used for these analyses. Subconfluent layers of murine S17 BM stromal cells (kindly provided by Dr Kenneth Dorshkind, UCLA Medical Center, Los Angeles, CA) were grown in 6-well culture plates, and collagenase-dissociated H1 ESCs were seeded onto the S17 cell layers. The hematopoietic differentiation medium consisted of Iscove modified Dulbecco medium (IMDM) supplemented with 8% horse serum (Gibco), 8% fetal bovine serum, 5 ϫ 10 Ϫ6 M hydrocortisone, 15 ng/mL bone morphogenetic protein 4 (BMP-4), 5 ng/mL BMP-2, and 5 ng/mL BMP-7 (R&D Systems, Minneapolis, MN), levels previously determined in dose-response studies using rhesus monkey ESCs. 15 At day 6 of differentiation, recombinant human stem cell factor (SCF), interleukin-3 (IL-3), vascular endothelial growth factor (VEGF), granulocyte colony-stimulating factor (G-CSF; 20 ng/mL of each), IL-6, Flt-3 ligand (10 ng/mL of each), and erythropoietin (Epo; 2 U/mL; R&D Systems) were added to the cultures. Differentiation cultures were fed periodically with fresh medium including cytokines. At day 20, differentiated cells were rinsed off the culture plates for flow cytometry analysis and CD34 ϩ CD38 Ϫ cell purification.
Purification of human CD34 ؉ CD38 ؊ cells
Day-20 H1 ESC-derived hematopoietic precursors were rinsed from the culture wells by gentle pipetting. The cells were passed through a 40-m nylon cell strainer (Falcon, Deerfield, IL), washed twice with phosphate-buffered saline (PBS; Life Technologies, Bethesda, MD) supplemented with 1% bovine albumin, and stained with biotinylated antihuman CD34 (clone 12.8; Baxter) plus streptavidin-fluorescein isothiocyanate (FITC) and phycoerythrin (PE)-antihuman CD38 (clone HIT2; PharMingen, San Diego, CA) antibodies. The CD34 ϩ 38 Ϫ cells were collected by a Moflow high-speed sorter (DakoCytomation, Fort Collins, CO). CD34 ϩ CD38 Ϫ cells comprised about 0.3% of the total population, and a total of 2840 CD34 ϩ CD38 Ϫ cells were obtained. Normal human BM was purchased from AllCells (Berkeley, CA); CD34 ϩ CD38 Ϫ cells were purified as described previously in this paragraph. Figure 1 shows the fluorescence-activated cell sorter (FACS) profiles that define the gates for purification of the CD34 ϩ CD38 Ϫ cells.
Cytoplasmic RNA isolation and cDNA pool construction
Cytoplasmic RNA was isolated from purified CD34 ϩ CD38 Ϫ cells derived from ESC cultures and from BM using an RNAeasy Mini Kit (Qiagen, Valencia, CA) following the procedure recommended by the supplier. RNA was subjected to first-strand cDNA synthesis with SMART II and CDS primers (Clontech), using Superscript II reverse transcriptase (Invitrogen), and cDNA pools were constructed using the SMART cDNA synthesis kit (Clontech) as described previously. 13 Complementary DNA pools generated by the SMART procedure have been shown to preserve the relative abundance relationship of the original mRNA populations, [16] [17] [18] [19] and this procedure has successfully been employed in the construction of cDNA pools using fewer than 1000 cells. 20 Hybridization of cDNA probes to Atlas cDNA arrays SMART-generated double-strand cDNAs were purified with the Qiagen PCR purification kit (Qiagen), and the quantities of DNA were determined by UV 260 nm absorption. About 500 ng cDNA was labeled with Random Primer mix plus cDNA Synthesis Control primers (Clontech) using [␣-33 P]deoxyadenosine monophosphate ([␣-33 P]dATP) (Amersham, Arlington Heights, IL) and Klenow polymerase as suggested by the supplier. The probes were purified with the NucleoSpin Extraction Kit supplied by Clontech. Equal amounts of labeled probes from the ESCs and BM cells were hybridized to the BD Atlas Plastic Human 12K microarrays (Clontech), according to the manufacturer's instructions. After completing the washing procedure, the arrays were exposed with a low-energy phosphorimaging screen (Molecular Dynamics, Sunnyvale, CA) for 2 to 3 days. The signal intensity was detected using a Storm Phosphor imaging system (Molecular Dynamics) at 50 resolution and analyzed using AtlasImage 2.7 software (Clontech) following the manufacturer's guidelines. The intensities of the cDNA double spots from the ESC and the BM arrays were compared, and the data were exported as Excel files (Microsoft, Seattle, WA) for further analysis. To confirm the initial data, the probes were stripped from the arrays following recommendations of the supplier, and they were rehybridized with newly labeled probes as described above. In the repeat assays, the BM array was rehybridized with ESC cDNA, and the ESC array was reprobed with BM cDNA. The resulting expression profiles were virtually identical to those from the first hybridization but with only 60% to 70% of the original signal intensity. Consequently, only data from the first experiment are presented.
Gene expression quantification by semiquantitative PCR
The DNA templates in cDNA pools from the CD34 ϩ CD38 Ϫ cells were equalized based on their relative expression of the ␣-tubulin gene as described previously. 13 The PCR conditions for the CD14, myeloperoxidase, flt-3, and ␣-tubulin genes were as described 13 ; 10 L PCR products were separated on 1.5% agarose gel and visualized by ethidium bromide staining. For quantitative comparisons of the expression of the non-␣-globin genes, a single set of primers with specificity for sequences common to the ␤-, ␦-, ␥-, and ⑀-globin genes were employed. They were sense, 5Ј-GTY-TAC-CCH-TGG-ACC-CAG-A-3Ј, and antisense, 5Ј-GCA-GCT-TGT-CAC-AGT-GCA-G-3Ј, encompassing nucleotides 103 to 292, to generate a PCR product of 190 bp. PCR conditions were 95°C, 1 minute; 55°C, 1.5 minutes; 72°C, 2 minutes with Mg ϩϩ concentration of 2.0 mM. The PCR products were digested with restriction enzymes specific for each globin gene. Restriction enzymes were DraIII for the ␤-globin gene, BfaI for the ␦-globin gene, XcmI for the ␥-globin gene, and NcoI for the ⑀-globin gene. The digested PCR products were separated on a 10% native polyacrylamide gel electrophoresis (PAGE) gel, stained with ethidium bromide, and visualized with a UV transilluminator.
Results
Hematopoietic differentiation of human ESCs in vitro has previously been demonstrated by 2 groups, from studies that employed different culture conditions. 6, 7 We have previously identified combinations of BMPs as having high efficiency in the induction of hematopoietic differentiation of rhesus monkey ESCs and in enhancing the formation of clonogenic hematopoietic-like precursors in differentiated monkey ESC colonies. 15 In the present study, we observed that combinations of BMP-4, BMP-2, and BMP-7 For personal use only. on October 22, 2017. by guest www.bloodjournal.org From plus cytokines efficiently promoted the development of hematopoietic clusters from human ESCs when cultured on S17 stromal cell layers; the hematopoietic progeny cells from these cultures exhibited characteristic morphologic features of erythroid cells, granulocytes, megakaryocytes, macrophages, and monocytes (data not shown).
To compensate for the limited numbers of early hematopoietic precursors in the human ESC differentiation cultures, cytoplasmic RNA isolated from CD34 ϩ CD38 Ϫ cells was reverse transcripted and amplified utilizing SMART technology. SMART-generated cDNAs have been successfully used in gene expression analysis utilizing low-density (nylon membrane-based filters) cDNA arrays, [21] [22] but no such study has been reported using high-density oligonucleotide microarrays. To validate the hybridization results between SMART-generated cDNAs and plastic high-density arrays, we first examined several genes that were included repeatedly at different locations in the BD Atlas Plastic Human 12K microarrays. As shown in Table 1 , the signal intensities for each of these genes were very similar at 3 different locations in the array, with only minor exceptions. These findings were consistent for genes with different expression levels, including those of low, intermediate, and high abundance, further supporting the validity of this approach.
Using AtlasImage 2.7 software, the array was aligned with the AtlasImage Grid Template (both from Clontech) automatically and fine-tuned for each individual grid manually. The background was calculated based on the median intensity of the blank spaces between the different panels of the array (default method), and the raw signal intensity of each spot was measured. A raw intensity (before normalization) of 3-fold over background was taken as an indication that a gene was expressed at a significant level. By this criterion, we determined that 1692 and 1494 genes were expressed in CD34 ϩ CD38 Ϫ cells from BM and ESCs, respectively. The list of all of the expressed genes is presented in the Supplemental Data Set (see the Supplemental Data Set link at the top of the online article on the Blood website).
For comparing the expression patterns of cells derived from BM and from ESCs, the signal intensities were normalized by the global normalization-sum method, which is best suited for the comparison of 2 similar samples. Signal values in arrays hybridized with ESC cDNA were normalized with respect to those from arrays probed with cDNA of BM origin, and the signal intensities in the ESC array were adjusted accordingly. The adjusted signal intensities for each of the individual cDNA spots in arrays hybridized with cDNA derived from BM and ESCs were compared, and the results were exported as an Excel file for further analysis. These analyses revealed that 494 genes showed similar levels of expression in CD34 ϩ CD38 Ϫ cells from both sources, 791 genes were relatively overexpressed in cells from BM (BM versus ESCs, at least 2-fold), and 803 genes were preferentially expressed in cells from ES cell cultures (ESCs versus BM, at least 2-fold). These genes comprise all categories of function (Table 2) , and a large number of genes associated with transcription (177), membrane channels and transporters (101), trafficking/targeting proteins (133), metabolism (308), protein translation (121), cell receptors (109), and intracellular transducers/effectors/modulators (246) were detected. A total of 409 genes that have not been functionally classified were also expressed. Further analysis showed that most of the genes were of low abundance, and less than 20% of them (387 of 2088 genes) were expressed at levels at least 10-fold over the background. Less than 10% of cell adhesion proteins (5 of 65), extracellular transport/carrier proteins (5 of 57), and cell receptors (9 of 109) were expressed at these high levels. Whereas 55% of genes associated with translation were expressed at levels at least 10-fold over background, most of these were ribosomal proteins, and most of them were expressed at higher levels in cells derived from BM than in those from ESCs. We also found that a relatively high percentage of genes for RNA processing/turnover/transport (28%), DNA binding/chromatin proteins (33%), and stress response proteins (22%) were expressed at high levels. These observations are consonant with recent findings that these genes are associated with the "stemness" of multiple types of stem cells. [23] [24] [25] These comparative analyses also demonstrated that CD34 ϩ CD38 Ϫ cells derived from ESCs expressed more high-activity genes (more than 10-fold over background) associated with intracellular signal transduction than did cells from BM (ESCs 25 versus BM 8), even though cells from both sources showed similar numbers of genes of relatively low activity (ESCs 85 versus BM 77) ( Table 2) . A similar pattern of 
Six mitogen-activated protein kinases (MAPK3, MAPK4, MAPK7, MAPK8, MAPKK3, and MAP4K1) were expressed at relatively high levels in CD34 ϩ CD38 Ϫ cells derived from ESC cultures, whereas only 3 such genes (MAPK7, MAPK8, and MAPKK3), at expression levels just over background, were detected in cells from BM. Both the CDK5 and cdc27 genes were also found to be up-regulated in ESC-derived hematopoietic precursors, consistent with the notion that HSCs from BM are in the G 0 resting state. The ESC-derived hematopoietic precursors, which were exposed to multiple hematopoietic growth factors, were in active growth, and that might have resulted in the activation of signal transduction pathways. However, only 3 cyclin messages were detected: Cyclin M4 and D3 were expressed in BM-derived cells, and cyclin F was observed in ESC-derived CD34 ϩ CD38 Ϫ cells.
We also analyzed the expression patterns of genes associated with hematopoietic cells. As shown in Tables 2 and 3 , most of these genes were expressed at relatively low levels in CD34 ϩ CD38 Ϫ cells derived from both adult BM and ESCs, with only a few exceptions. A substantial level of laminin receptor 1 message was expressed in CD34 ϩ CD38 Ϫ cells from BM, and a much lower expression of this gene was observed in the corresponding cells from ESCs (ratio of BM versus ESCs, about 10). Another finding of the comparative gene expression was that low, but clearly above background, levels of multiple cytokines were observed in BM cells. The genes of inhibin ␤A and ␤C, granulocyte-macrophage colony-stimulating factor (GM-CSF), hepatocyte growth factor (HGF)-like factor, interferon-␣14, IL-8, IL-13, IL-15, IL-25, CCL2, monocyte chemotactic protein 3 (MCP-3), CCL27, CXCL6, and small inducible cytokines A1 and A5 were only detected in CD34 ϩ CD38 Ϫ cells from BM, whereas 4 such factors, IL-1␦, FGF-20, BMP-1, and epidermal growth factor-␤ (EGF-␤), were expressed exclusively in cells from ESC cultures. Interferon-␣2 and chemokine-like factor 2 were preferentially expressed in BM-derived cells, whereas higher levels of platelet factor 4, platelet-derived growth factor (PDGF) ␣ chain, and stromal cell-derived factor 2 (SCDF2) expression were detected in cells derived from ESC cultures. No difference in angiopoietin-1, BMP-4, BMP-7, CCL-11, SCDF2-like 1, angiopoietin-like 1, and chemokine-like factor 1 expression was seen (Table 3) .
We also examined the expression of genes that are known to be expressed in HSCs. Similar expression levels of the c-kit and scl genes were detected in cells from both sources; however, low but clearly over background levels of Tie-1, flt-3, bcl-2, GATA-2, and Erg-2 were observed in CD34 ϩ CD38 Ϫ cells derived from BM but not from ESCs. We previously determined that hematopoietic precursors derived from rhesus monkey and mouse ES cells also failed to express the flt-3 gene, consistent with the observations from this study. Genes involved in downstream signal transduction of FLT-3, and of other hematopoietic receptors such as c-KIT and IL-6 receptor, including phosphoinositide-3-kinase (PI3K) and growth factor receptor-bound protein 2 (GRB2), were detected only in CD34 ϩ CD38 Ϫ cells from BM. However, several MAP kinases and signal transducer genes, such as Janus kinase 2 (JAK2), signal transducer and activator of transcription 4 (STAT4), and STAT5a, were preferentially expressed in cells from ESC cultures. We also determined that the CD14, glycophorin B, and myeloperoxidase genes, all of which are associated with lineage commitment, were expressed at higher levels in cells of ESC origin than in those from BM (Table 3) .
Several of the major histocompatibility complex (MHC) genes were expressed at much higher levels in CD34 ϩ CD38 Ϫ cells of BM Threshold ϭ 3; BM, 1692; ES, 1494. Due to genes having been classified in multiple categories, the total number of genes listed in this table is not equal to the number of expressed genes (2086).
*Genes with expression levels at least 3-fold of background. †Genes with expression levels at least 10-fold of background.
HEMATOPOIETIC PRECURSORS FROM HUMAN ES CELLS 4137
BLOOD, 1 JUNE 2004 ⅐ VOLUME 103, NUMBER 11 For personal use only. on October 22, 2017. by guest www.bloodjournal.org From For personal use only. on October 22, 2017. by guest www.bloodjournal.org From origin than in those derived from ESCs. Very high levels (more than 100-fold over background) of MHC class IC and II DR␤5 genes were detected in BM-derived cells, which were 15 and 20 times higher than those in cells of ESC origin, respectively. However, similar levels of the ␤ 2 -microglobulin gene, the common molecule of the MHC I complex, were observed in the cells of both sources. A high level of the adult ␤-globin message, but none of the embryonic ⑀-globin mRNA, was expressed in CD34 ϩ CD38 Ϫ cells derived from BM. In contrast, the message of embryonic ⑀-globin gene was detected in CD34 ϩ CD38 Ϫ cells derived from ESCs, and no ␤-globin mRNA was detectable (Table 4) .
To validate further the results from the array analysis, we performed semiquantitative PCR analyses for several genes that showed different levels of expression in the array experiments. As shown in Figure 2 , there was a close correlation between the 2 methods. A markedly decreased expression of flt-3 gene was observed in CD34 ϩ CD38 Ϫ cells derived from ESCs as compared with the substantial level of expression in the corresponding cell preparations from BM ( Figure 2) . Similarly, no CD14 expression was detected in CD34 ϩ CD38 Ϫ cells from BM, but a substantial level of CD14 message was found in cells from ESC cultures, consistent with the results obtained from the array analysis. For the myeloperoxidase gene, the variance in expression between the 2 sources of cells was again demonstrated, although a somewhat lesser difference was seen by the PCR method (Figure 2 ).
To permit a more quantitative comparison of the expression of the non-␣-globin genes in the PCR analysis, we utilized a group of restriction enzymes with specificity for the ␤-, ␦-, ␥-, and ⑀-globin genes and a single set of primers with specificity for sequences common to each of these 4 genes. The PCR products were then digested with restriction enzymes specific for each globin gene. The comparative expression of the ␤-, ␦-, ␥-, and ⑀-globin genes of CD34 ϩ CD38 Ϫ cells derived from human ESCs, and of those harvested from adult BM, is shown in Figure 3 . In CD34 ϩ CD38 Ϫ cells from BM, the messages of the non-␣-globin genes were those of the adult ␤-and ␦-globins and fetal ␥-globin, and none could be detected for the embryonic ⑀-globin gene. These results were also very similar to those we observed in glycophorin A-positive erythroid cells, also derived from human adult BM (Figure 3) . With the CD34 ϩ CD38 Ϫ cells derived from human ESCs, no ␤-globin gene expression was apparent, whereas the ⑀-globin gene was prominently expressed (Figure 3) . Again, these results are entirely consistent with those obtained from the array analyses.
Discussion
Complementary DNA microarray technology, which can detect and quantify the expression of thousands of genes simultaneously, represents one of the most powerful approaches in the field of gene expression profiling and has greatly improved our understanding of the complex patterns of gene expression in cells. Expression studies on cDNA arrays, especially oligonucelotide-based highdensity arrays, normally require substantial quantities of RNA samples for probe preparation, which limits its application when only small samples are available. Although hematopoietic differentiation of human ESCs has been successfully achieved, the generation of large numbers of early hematopoietic precursors/ For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From stem cells such as CD34 ϩ CD38 Ϫ cells remains a major obstacle to this type of analysis. In the present study, we were able to take advantage of SMART technology and cDNA microarrays to compare systematically the expression patterns of genes of CD34 ϩ CD38 Ϫ cells derived from adult BM and from ESCs. The consistent signal intensities we observed for reference genes placed at different locations in the arrays provided additional confirmation of the observed results. Moreover, the results from the array assay were entirely consistent with those from PCR analyses using the same cDNA libraries and served further to validate this strategy.
Our analyses showed that similar numbers of genes (1494 versus 1692, ESCs versus BM, respectively) were expressed in CD34 ϩ CD38 Ϫ cells derived from ESCs and from BM. However, the expression patterns showed numerous differences, involving all of the functional gene categories; within these categories, some genes were expressed primarily or exclusively in cells from BM, whereas others were only detected in the corresponding cell populations derived from ESCs. In general, the numbers of up-and down-regulated genes in cells from BM and ESCs were similar in almost all of the functional categories. A possible explanation for this disparity may be that one or another alternative equivalent pathway within these individual functional categories may be active in these different cell types and therefore may not necessarily be reflective of an overall difference in cell function activity. Alternatively, the CD34 ϩ CD38 Ϫ cells purified from BM and ESC differentiation could contain dissimilar subpopulations of hematopoietic precursors, possibly at varying stages of differentiation. Simultaneous characterization for the content of functionally distinct precursors and analysis of gene expression in the purified cell populations 26 might serve to resolve this question.
On the other hand, these analyses provide a clear indication that CD34 ϩ CD38 Ϫ cells derived from ESCs and those from BM differ in their developmental phenotypes, with the hematopoietic precursors derived from ESCs corresponding consistently to the embryonic stage of yolk sac/hepatic hematopoiesis. Normal expression of the various globin genes, with their distinct expression patterns corresponding to the embryonic, fetal, and adult developmental stages in man and other primates, provides a particularly useful measure of the maturational stage. 27 We observed that the globin gene expression pattern of CD34 ϩ CD38 Ϫ cells derived from human ESCs was typical of the embryonic pattern; in contrast, the CD34 ϩ CD38 Ϫ cells from BM expressed a substantial level of the ␤-globin gene, with absent expression of the ⑀-globin gene, corresponding to the adult phenotype.
In human adult hematopoiesis, MHC I genes are expressed on both undifferentiated progenitors and morphologically recognizable precursors. MHC II molecules are highly expressed on early precursors but are decreased on late progenitors and differentiated precursors. 28 , 29 An absence of MHC II and of classical MHC I expression has been reported in early human embryos, although low levels of nonclassical MHC I (HLA-G) molecules were demonstrated in some preimplantation embryos. [30] [31] [32] [33] These genes are also not expressed in primitive erythoid lineages (ie, in yolk sac-derived megaloblasts circulating in the peripheral blood at 5 weeks to 6 weeks) but have been observed from 6 weeks outward, 31, 32 when "definitive" macrocytic erythoblasts start differentiating in the fetal liver. Our array analyses demonstrate high levels of both MHC I and II gene expression in CD34 ϩ CD38 Ϫ cells from BM, whereas there were low or negligible levels of most MHC I and II molecules in the cells derived from ESC cultures. These results are also consistent with observations that low levels of MHC I proteins and undetectable levels of MHC II molecules were present in human ESCs and in their differentiated derivatives. 34 The results from these analyses are consonant with the hypothesis that ESC-derived HSCs may retain functionally important properties of embryonic cells, which in turn may require specific elements of a fetal environment for BM engraftment to take place. [10] [11] [12] Supporting this idea are observations showing that when mouse yolk sac progenitor cells were transplanted into livers of newborn pups, the presence of long-term repopulating stem cells could be demonstrated, whereas the same cells transplanted into adult animals exhibited no such repopulating potential. [10] [11] [12] Culture conditions or factors that could enhance the maturation of ESCderived HSCs from the embryonic/fetal phenotype to an adult/ definitive phenotype might therefore function to generate HSCs with the potential for engraftment in adult recipients.
In the present and previous studies, we have consistently demonstrated that there was little or no expression of flt-3 in hematopoietic progenitor cells derived from human, rhesus monkey, and mouse ESCs. 13, 15 FLT-3 is a member of the class III receptor tyrosine kinase (RTK-III) family and shares considerable structural homology with other members of this family, which include c-KIT, FMS, and platelet-derived growth factor receptor (PDGF-R). [35] [36] [37] The signal transduction activity of FLT-3, in response to stimulation by its ligand, FL, results in phosphorylation with activation of a number of cellular pathways, including phospholipase C gamma (PLC␥), Ras guanosine triphosphatase (GTPase)-activating protein (Ras-GAP), phosphatidylinositol 3Ј-kinase (PI3K) SHC, growth factor receptor-bound protein 2 (GRB2), VAV, FYN, SRC, mitogen-activated protein (MAP) kinases, and signal transducer and activator of transcription (Stat5a), 38 several of which have a well-defined role in the regulation of embryonic cell differentiation and hematopoiesis. [39] [40] [41] [42] In the mouse, the HSC population has been shown to consist entirely of the Flt-3 Ϫ cells. [43] [44] [45] [46] [47] However, recent studies by Sitnicka et al 48 and Ebihara et al 49 have shown that virtually all human BM and umbilical cord blood lymphomyeloid stem cells capable of reconstituting nonobese diabetic/severe combined immunodeficiency (NOD-SCID) mice expressed the flt-3 gene. Moreover, the Flt-3 ligand, FL, efficiently supports the viability of human HSCs 48 but has no such effect on HSCs from the mouse. 43 Although the understanding of the function of flt-3 in hematopoiesis is as yet incomplete, these various observations suggest that its role in this process may be a significant one. Our findings of diminished or absent expression of the flt-3 gene in ESC-derived hematopoietic precursors from 3 different mammalian species, suggesting that this may be a consistent and general difference between hematopoietic precursors obtained from BM and those from the maturation of ESCs, could represent a fruitful avenue for further study.
